Pseudomonas aeruginosa is a gram-negative bacterium that causes serious infections in immunocompromised individuals and cystic fibrosis patients. This opportunistic pathogen controls many of its virulence factors and cellular functions through the activity of three cell-to-cell signals, N-(3-oxododecanoyl)-L-homoserine lactone, N-butyryl-L-homoserine lactone, and the Pseudomonas quinolone signal (PQS). The activity of these signals is dependent upon their ability to dissolve in and freely diffuse through the aqueous solution in which P. aeruginosa happens to reside. Despite this, our data indicated that PQS was relatively insoluble in aqueous solutions, which led us to postulate that P. aeruginosa could be producing a PQS-solubilizing factor. In this report, we show that the P. aeruginosa-produced biosurfactant rhamnolipid greatly enhances the solubility of PQS in aqueous solutions. The enhanced solubility of PQS led to an increase in PQS bioactivity, as measured by both a gene induction assay and an apoptosis assay. This is the first demonstration of the importance of a bacterial surfactant in the solubilization and bioactivity of a cell-to-cell signal.
The ability of PQS to function as an intercellular signal in culture media and presumably during infections implies that this signal must be soluble in an aqueous environment. However, our studies indicated that PQS was soluble in organic solvents but not in aqueous solutions. In this report, we explore the ability of a P. aeruginosa-produced factor to increase the solubility of PQS. Our results shed light on how PQS could be functioning in seemingly nonoptimal environments.
MATERIALS AND METHODS
Bacterial culture conditions. P. aeruginosa strain PAO-R1 (lasR) (13) containing plasmid pTS400 (31) was grown in peptone Trypticase soy broth (PTSB) (30) supplemented with carbenicillin (200 g/ml). Plasmid pTS400 harbors a lasBЈ-lacZ translational fusion that is activated in a concentration-dependent manner by PQS (34) . All experiments began with the use of freshly plated bacteria from Ϫ70°C stocks maintained in 10% skim milk (Becton Dickinson). Liquid cultures were grown at 37°C and shaken at 250 rpm.
Examining PQS solubility in aqueous solutions. Synthetic PQS (10 g) was evaporated to dryness under nitrogen in 13-ml polystyrene culture tubes. Subsequently, 0.5 ml of either PTSB, distilled water, or acidified ethyl acetate was added, and the tubes were vortexed for 30 min. A 250-l aliquot of each aqueous solvent was then removed and extracted with 500 l of acidified ethyl acetate. One half of the resulting organic phase was evaporated to dryness and reconstituted in 50 l of 1:1 acidified ethyl acetate-acetonitrile. The tube in which acidified ethyl acetate was used as a solvent was not extracted, but 125 l was removed after vortexing, dried, and reconstituted in 50 l of 1:1 acidified ethyl acetate-acetonitrile. This sample was used to demonstrate the maximum potential recovery of PQS in the assay. Samples were analyzed by thin-layer chromatography (TLC) and photographed under long-wave UV light as described previously (5) .
Determining PQS solubility in the presence of rhamnolipids. P. aeruginosa rhamnolipids were obtained from Jeneil Biosurfactant Co., Saukville, Wis. The rhamnolipids are 99.9% pure and are a mixture of mono-rhamnolipid (L-rhamnosyl-␤-hydroxydecanoyl-␤-hydroxydecanoate) and di-rhamnolipid (Lrhamnosyl-L-rhamnosyl-␤-hydroxydecanoyl-␤-hydroxydecanoate). Rhamnolipids were dissolved in acidified ethyl acetate, and appropriate amounts were evaporated to dryness in 13-ml polystyrene culture tubes which already contained 5 g of dried PQS. Next, 0.5 ml of distilled water, PTSB, or phosphate-buffered saline (PBS) was added, and the tubes were incubated at 37°C with shaking (250 rpm) for 2 h. After this, a 200-l aliquot was removed and extracted with 600 l of acidified ethyl acetate. The organic phase was evaporated to dryness and reconstituted in 50 l of 1:1 acidified ethyl acetate-acetonitrile. Samples were analyzed by TLC as described above. Quantification of PQS was completed with the use of computer densitometry to compare unknowns to synthetic standards as described previously (3) . All data are reported as the mean Ϯ standard deviation ( nϪ1 ) of three separate experiments. Effect of rhamnolipids on PQS bioactivity. Freshly plated cells of P. aeruginosa strain PAO-R1(pTS400) were used to inoculate 10-ml overnight cultures. After 20 h, overnight cultures were washed and used to inoculate 10-ml subcultures to an absorbance of 0.05 at 660 nm. Subcultures were grown until the mid-logarithmic phase, washed with fresh medium, and 1-ml aliquots (starting A 660 ϭ 0.05) were added to tubes containing synthetic PQS and P. aeruginosa rhamnolipids. After 18 h of growth, ␤-galactosidase activity was measured in duplicate samples. All data are reported in Miller units (24) as the mean Ϯ standard deviation ( nϪ1 ) of three separate experiments. Examining PQS-induced apoptosis. Induction of apoptosis and cell viability were measured with the annexin V and propidium iodide binding assays as described previously (37) . Cell cultures were maintained in a humidified 5% CO 2 incubator. The interleukin-3-dependent murine FDC-P1 (8) and FL5.12 (22) cell lines were cultured in the absence of growth factors in RPMI medium (Gibco) with 5% fetal bovine serum (Atlanta Biologicals) supplemented with 10% WEHI-3B(D Ϫ ) conditioned medium (20) as a source of interleukin-3. These cell lines were chosen because they are sensitive indicators of cell viability and are regularly used to determine a compound's ability to induce apoptosis (37) .
For assaying PQS effects on viability and apoptosis, synthetic PQS (5.2, 2.6, and 0.52 g) dissolved in 1:1 ethyl acetate-acetonitrile was evaporated to dryness in the wells of a six-well polystyrene tissue culture plate. Approximately 10 6 cells in 2 ml of complete cell culture medium were added to each well, and the plates were incubated for 3 days. Cells were then collected by gentle pipetting, and viability and the extent of apoptosis were measured as described above.
Determining whether rhamnolipids enhance PQS-induced apoptosis. For examining the effect of rhamnolipids on PQS-induced apoptosis, suspensions of synthetic PQS (13.0 g) and/or P. aeruginosa rhamnolipids (200 g) were evaporated in 1.6-ml microcentrifuge tubes. Subsequently, 0.5 ml of distilled water was added, and the mixtures were incubated at 37°C with shaking (250 rpm) for 2 h. A 200-l sample from each tube was immediately added to a well of a six-well culture plate that contained 2 ml of complete cell culture medium with approximately 10 6 cells, and the cultures were incubated for 2 days. (If 100% of the PQS was resuspended in 0.5 ml of water, then the final concentration of PQS in each cell culture would be 10 M.) The final concentration of rhamnolipid in each cell culture was 63 M. Cell viability and apoptosis induction were measured as described above. Data for cell culture experiments were normalized by assigning a value of 1 to appropriate controls (see the figure legends). Results are presented as the mean Ϯ standard deviation from at least three separate experiments.
RESULTS
PQS solubility in aqueous solutions is low. During our studies of PQS, we noticed that this signal had low solubility in aqueous solvents. To demonstrate this, PQS was dried in polystyrene culture tubes and various solvents were added. (Note that stock solutions of synthetic PQS are in 1:1 acidified ethyl acetate-acetonitrile.) After vortexing these solutions for 30 min, an aliquot of each aqueous solution was removed and extracted with acidified ethyl acetate. The organic layer of the extract was removed, dried, and analyzed by TLC as described in Materials and Methods. The results of this experiment showed that PQS did not dissolve in distilled water and that only a very small amount of PQS dissolved in PTSB (bacterial culture medium) (Fig. 1 , lanes 1 and 2). As we have seen before, PQS easily dissolved in acidified ethyl acetate, which was included as a control to show maximal PQS resuspension (Fig. 1, lane 3) . These results left us with a very interesting question. If PQS is not soluble in sterile culture medium, how does it act as a signal which activates a bioassay in the presence of growing P. aeruginosa cells?
Rhamnolipids increase the solubility of PQS. We felt that the most likely answer to our question was that P. aeruginosa produces a factor that increases PQS solubility. With this in mind, the effects of P. aeruginosa-produced rhamnolipids on PQS solubility were examined. Rhamnolipids are a quorumsensing-controlled biosurfactant which increases the solubility of long-chain hydrocarbons to facilitate their use as a carbon source by P. aeruginosa (25, 28) . To determine the effects of rhamnolipids on PQS solubility, increasing amounts of P. aeruginosa rhamnolipids were added to tubes containing dried PQS, and either distilled water, PBS, or PTSB was used as a solvent. After 2 h of mixing, aliquots were removed and ethyl acetate extractions were performed to recover the PQS that was in solution. The organic layer of each extract was then analyzed by TLC as described above.
Most interestingly, our data showed that P. aeruginosa rhamnolipids increased the solubility of PQS in all three aqueous solutions, and this increased solubility was dependent on the rhamnolipid concentration (Fig. 2) . In distilled water or PBS, the addition of 50 g of rhamnolipid per ml resulted in solubilization of approximately 50% of the total PQS added to the sample tube (Fig. 2) . Exposing PQS in distilled water or PBS to a rhamnolipid concentration of 200 g/ml resulted in a maximum recovery of approximately 65% of the total PQS added to the assay (Fig. 2) . In PTSB, a slightly lower concentration of rhamnolipid solubilized 50% of the PQS, and maximum solubilization was reached when 100 g of rhamnolipid per ml was present (Fig. 2) . Overall, these data show that P. aeruginosa-produced rhamnolipids greatly increased the solubility of the cell-to-cell signal PQS.
Rhamnolipids enhance the ability of PQS to activate a P. aeruginosa bioassay. The discovery that PQS solubility increased in the presence of rhamnolipids led us to hypothesize that this surfactant would also increase the bioactivity of PQS. To test this, we used our PQS bioassay (34) to determine the effect of increasing rhamnolipid concentrations on three physiological concentrations of PQS. These results showed that the ability of PQS to induce a lasBЈ-lacZ fusion in P. aeruginosa was greatly enhanced by the presence of rhamnolipids (Fig. 3) . This effect was maximized as the rhamnolipid concentration increased to 40 g/ml (69 M) and then the effect decreased as higher rhamnolipid concentrations were tested (Fig. 3). [A P. aeruginosa wild-type strain produced rhamnolipids at a concentration of approximately 22 g/ml (38 M) and 35 g/ml (61 M) after 24 and 48 h of growth, respectively (data not shown)]. At a concentration of 1 mg of rhamnolipid per ml (1. 7   FIG. 1 . PQS solubility is low in aqueous solutions. PQS (10 g) was dried in 13-ml polystyrene tubes, and 0.5 ml of PTSB (lane 1
mM), nearly all bioactivity was inhibited (Fig. 3) . The mechanism of this inhibition is not known, but we speculate that a high concentration of rhamnolipid could produce an excess of micelles that sequester PQS from bioassay cells and thereby lower the concentration of available PQS. Rhamnolipids augment PQS-induced apoptosis. Although PQS acts as a bacterial cell-to-cell signal, its production during infections led us to wonder whether this compound could also effect eukaryotic cells. To begin such studies, two murine cell lines which are sensitive indicators of cell viability and apoptosis induction were grown in the presence of various physiological concentrations of PQS. After 3 days of growth, cells were harvested, and viability and the extent of apoptosis were measured as described in Materials and Methods. These data showed that PQS caused the induction of apoptosis and a decrease in cell viability for both cell lines (Fig. 4) . This effect was dose dependent, with increasing PQS concentrations causing lower viability (Fig. 4) .
The ability of rhamnolipids to augment PQS-induced cell
Rhamnolipids increase PQS solubility in aqueous solutions. Synthetic PQS (5 g) and increasing amounts of rhamnolipids were dried in 13-ml polystyrene tubes. Distilled water (circles), phosphatebuffered saline (triangles), or PTSB (squares) (0.5 ml of each) was then added to produce the indicated concentrations of rhamnolipid, and the mixture was incubated at 37°C with vigorous shaking (250 rpm) for 2 h. Aliquots removed from each tube were then organically extracted and analyzed as described in Materials and Methods. The amount of PQS in solution in each mixture was calculated and is presented as the mean Ϯ standard deviation from three separate experiments. The insert is a representative TLC plate photographed under UV light. Numbers within the inset indicate rhamnolipid concentration, and the arrowhead indicates PQS. The PQS solubility assay was performed as in Fig.  1 , and the photograph is included to visually show the effects of lower rhamnolipid concentrations on PQS solubility in distilled water. killing was then examined. To do this, dried PQS was suspended in distilled water in the presence or absence of rhamnolipids. This suspension was then added to cell cultures which were incubated for 2 days before measuring apoptosis induction and cell viability. The results of this experiment showed that when resuspended in water, neither rhamnolipids nor PQS alone affected cells (Fig. 5, lanes 2 and 3) . This would presumably be due to the small amount of PQS that was solubilized in the solution (see Fig. 1 ) added to the cells. However, when PQS was resuspended in water in the presence of rhamnolipids, this solution caused apoptosis induction with a concurrent decrease in cell viability (Fig. 5, lane 4) . Taken together, these data suggest that PQS and rhamnolipids could be a potent virulence team during P. aeruginosa infections.
DISCUSSION
In this report, we show that the solubility of a P. aeruginosa cell-to-cell signal is increased in aqueous solutions by rhamnolipids, a P. aeruginosa-produced biosurfactant. The increase in solubility of the signal led to a concurrent increase in signal bioactivity in two different assays. This is the first report of a cell-to-cell signal being solubilized and made more active by the organism which produced it.
Rhamnolipids are natural surfactants produced by P. aeruginosa and are widely used for industrial purposes, such as bioremediation and biotransformation (26) . By forming micelles, rhamnolipids are able to increase the solubility of many hydrophobic compounds. Such is apparently the case with the cellto-cell signal PQS (Fig. 2) . In addition, rhamnolipids increase the uptake of hydrophobic compounds by P. aeruginosa (25) . This is believed to occur because rhamnolipids can extract lipopolysaccharide from the P. aeruginosa outer membrane and thereby increase the hydrophobicity of the cell surface (1).
Our results suggest that rhamnolipids are also facilitating the uptake of PQS by P. aeruginosa, as evidenced by the rhamnolipid-associated increase in PQS bioactivity in our P. aeruginosa bioassay (Fig. 3) .
PQS and rhamnolipids have both been shown to act as virulence factors (11, 12, 35, 36) , and both are known to be produced in the lungs of P. aeruginosa-infected cystic fibrosis patients (5, 18) . Our data indicate that PQS alone caused apoptosis to be induced in eukaryotic cells (Fig. 4) . This suggests that PQS may act independently as a virulence factor that affects eukaryotic cells, as seen with another P. aeruginosa cell-to-cell signal, 3-oxo-C 12 -HSL (10, 38, 39) . Some fluoroquinolone compounds with antibiotic activity have cytotoxic effects on eukaryotic cells (2, 15) . This activity is believed to occur through effects on topoisomerase II, which is homologous to DNA gyrase, the bacterial target of fluoroquinolone antibiotics (2) . Whether PQS, which has not exhibited antibiotic activity (34) , is acting similarly is not known.
The data from the eukaryotic cell experiments also imply that PQS must be at least partially soluble in the absence of rhamnolipids, since the experiments in Fig. 4 amounted to placing eukaryotic cell cultures onto dried PQS. Only 2% of the PQS dried in the well became soluble after 3 days of incubation in cell culture medium without cells (data not shown). This implies that eukaryotic cells themselves are allowing enough PQS to become soluble for bioactivity (apoptosis/cell death) to be seen. Most importantly, when PQS was mixed with rhamnolipids in water before being added to eukaryotic cells, apoptosis was induced and cell viability was greatly decreased (Fig. 5) . PQS in water alone had no effect on cell viability (Fig. 5) , presumably due to the low solubility of PQS in water (Fig. 1) . Overall, our data suggest that PQS and rhamnolipids are acting in concert to increase P. aeruginosa virulence.
The control of rhamnolipid production is strongly influenced by multiple cell-to-cell signals. P. aeruginosa rhamnolipids are produced through the action of the RhlA/RhlB rhamnosyltransferases (27) . The operon that encodes these enzymes, rhlAB, is positively controlled at the transcriptional and translational levels by RhlR and C 4 -HSL (28, 29, 32, 40) , and the small RNA RsmA (16), respectively. In addition, PQS can induce the gene which encodes the C 4 -HSL synthase (rhlI) (23) . This is probably why a PQS mutant makes less rhamnolipid than the wild-type strain (9) . While the effect of PQS on the rhl quorum-sensing system has not been completely defined, it appears that PQS does increase the ability of RhlR to induce at least some of the genes that it controls (9, 23, 34) . Taking all of these factors into consideration with the data presented here, it can be suggested that PQS may have a positive effect on the rhl quorum-sensing system, and thus rhamnolipid production, in order to ensure its own solubility in the extracellular environment.
Several converging lines of research indicate that rhamnolipid activity is multifaceted. First, as mentioned above, it will solubilize hydrophobic molecules such as long-chain hydrocarbons and allow their use as a carbon source by P. aeruginosa. Second, it is apparently important for interactions between cells. This is supported by the findings that the addition of rhamnolipids can cause cells to aggregate, or "clump" (14) , and a rhamnolipid mutant no longer exhibits swarming motility FIG. 5 . Rhamnolipids enhance PQS-induced apoptosis. PQS and/or rhamnolipids were dried in polystyrene tubes and resuspended in distilled water as described in Material and Methods. The final concentration of rhamnolipid in each tube was 40 g/ml, and if all PQS became soluble, the final concentration of PQS would be 10 M. A 200-l aliquot of suspension (or distilled water as a control) was then added to the indicated cell cultures, which were incubated for 2 days before assaying for apoptosis induction and cell viability as in Fig. 4 . Lanes: 1, water; 2, rhamnolipid suspension; 3, PQS suspension; 4, rhamnolipid and PQS suspension. Data were normalized by assigning a value of 1 to the percentage of viable cells found in the distilled-water control (lane 1).
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RHAMNOLIPIDS ENHANCE PQS ACTIVITY (17) . In addition, rhamnolipid mutants form thick biofilms without typical fluid channels (7). Our findings add another function for rhamnolipids and indicate that this surfactant is not only controlled by cell-to-cell communication, but is important for the function of at least one cell-to-cell signal, PQS. While previous studies have shown that P. aeruginosa rhamnolipids have activities associated with virulence, our results indicate a novel mechanism whereby rhamnolipids assist another virulence factor and enhance its activity.
